The insertion of immunoglobulin (IgG) in a glycolipid monolayer was achieved by using the ability of new proteo-glycolipid vesicles to disintegrate into a mixed IgG -glycolipid interfacial film after spreading at an air -buffer interface. The interfacial disintegration kinetics was shown to be directly dependent on the initial vesicle surface density and on the buffer ionic strength. The presence of the immunoglobulin in the glycolipid film was displayed by an increase of the lateral compressibility (Cs) during monolayer compression. Cs magnitude modifications, due to the antibody effect on the monolayer packing, decreases as the spread vesicle density increases. At interfacial saturation, the lateral compressibility profile becomes similar to that of a control monolayer without antibody. However, the careful analysis of the mixed monolayer after transfer by Langmuir -Blodgett technique (ATR-FTIR characterisation, enzyme immunoassociation) clearly demonstrated that the antibody was still present in such conditions and was not completely squeezed out from the interface as compressibility changes could have meant. At nonsaturating vesicle surface density, IgG molecules initially lying in the lipid matrix with the Y-shape plane parallel to the interface move to a standing-up position during the compression, leading to lateral compressibility modifications. For a saturating vesicle surface density, the glycolipid molecules force the IgG molecules to directly adopt a more vertical position in the interfacial film and, consequently, no lateral compressibility modification was recorded during the compression. D
Introduction
Among the numerous functions mediated by the biological membranes, processes such as recognition, sensing and information exchange could be involved in practical applications. In this context, biosensors are operational tools that mimic some functions of the cell membrane such as recognition or transduction of biological signals. However, the performance of biosensors and other bioelectronic devices mainly depend on the properties of the bioactive layer associated with the transducer. The integration of sensitive layers organised at the nanoscale scale is promising for further developments of nanobiosensors with signal detection at the molecular level.
Langmuir -Blodgett (LB) technology offers an efficient opportunity to develop well-organised lipidic nanostructures as biomimetic membranes, and many works have proposed the association of biocompounds (generally enzymes) to LB films for new biosensor developments [1 -17] . However, in these approaches, enzyme molecules were more often adsorbed on preformed lipidic LB films, leading to a random immobilisation and to a weak association. Until now, the main problem to be solved is the control of the enzyme retention in a defined orientation, like in biological membranes where the protein association in/on the lipidic leaflets determines their own orientation for an optimal functionality.
In order to develop functionalized biomimetic nanostructures, we propose to insert a monoclonal immunoglobulin (IgG) in LB films, to play the role of an anchor able to ensure an orientated positioning of the enzyme at the surface of the lipidic matrix after specific recognition.
Interfacial disruption of vesicles injected in the subphase [18 -20] or directly spread at an air -buffer interface allows preparing an interfacial lipid film [21 -25] . In our group, we proposed earlier to use the fusion of proteo-vesicles spread at an air -buffer interface to prepare proteo-lipidic sensitive layers [26, 27] . Recently, this approach appeared very efficient to bring and to retain immunological proteins coming from an ascitic fluid at the air -buffer interface [28] . This methodology is an alternative way as the one recently proposed to form a stable enzyme Langmuir film under subphase conditions improving the interfacial protein stability [29, 30] . This paper focuses on the insertion of a noninhibitor monoclonal immunoglobulin in a neutral synthetic glycolipid matrix by spreading proteo-glycolipid vesicles at an air -buffer interface. This antibody is directed against the acetylcholinesterase (AChE, EC 3.1.1.7) monomer of the Bungarus fasciatus venom. In a previous study, we reported that these proteo-glycolipid vesicles were able to rapidly disintegrate at an air -buffer interface to form a true mixed IgG-glycolipid interfacial film [31] . The interactions occurring between the glycolipid and the glycoprotein (IgG) in the vesicle membranes prior to the interfacial film formation, appeared strong enough to keep IgG inserted in the glycolipid film during the vesicle disintegration and to promote its transfer together with the lipidic film by vertical deposition [32] . The ability to retain active acetylcholinesterase at the surface of the IgGglycolipid LB film after immunoassociation has been recently demonstrated [33] .
In the present work, we have investigated the initial orientation of IgG molecular plane in the glycolipid matrix through a detailed analysis of the lateral compressibility modifications versus the initial vesicle surface density (VSD init ) spread on a phosphate buffered subphase at different ionic strengths. VSD init is defined as the ratio of the vesicle spread amount on the initial available trough area. This parameter, which directly controls the kinetics of the surface film formation, appears to play a crucial role in the original positioning of IgG molecular plane in the lipidic matrix before the monolayer compression. By a minute control of the VSD init parameter, the initial orientation of the Y-shaped immunoglobulin molecule can be directly controlled through the disintegration kinetics of the proteo-glycolipid vesicles spread at the air -buffer interface.
Materials and methods

Materials
Solvents and all chemical reagents were of analytical grade and used without further purification. The glycolipid, 10-undecyloxymethyl-3,6,9,12-tetraoxa-tricosyl 2-acetamido-2-deoxy-h-D-glucopyranoside 2 was synthesised as previously reported [34] . The monoclonal immunoglobulin directed against acetylcholinesterase (AChE) of B. fasciatus venom, extracted from a mouse ascitic fluid, was generously supplied by Dr. Grassi (SPI, CEA Saclay, Gif sur Yvette, France). It was purified by protein A chromatography onto Protein A HyperD F (BioSepra, France) as previously described [31] . The B. fasciatus AChE monomer was a generous gift of Dr. Bon (Institut Pasteur de Paris, Unité des venins, France). S-acetylthiocholine iodide, 5,5V -dithio-bis(2-nitrobenzoic acid) (DTNB, Ellman's reagent) and IgG free-bovine serum albumin (BSA) were purchased from Sigma-Aldrich Chimie (St-Quentin Fallavier, France). Ultrapure water (18.2 MV cm) from a milli-Q four-cartridge purification system (Millipore, France) was used to prepare phosphate buffered subphases and other buffer solutions.
Methods
Glycolipid and immunoglobulin -glycolipid vesicle formation
The glycolipid and proteo-glycolipid vesicles were formed as previously described [31] . Briefly, a dried glycolipid film was mechanically dispersed above the main transition temperature of the synthetic glycolipid, either in 1 ml of 10 mM phosphate buffer pH 7.4 to form glycolipid vesicles or in 1 ml of the purified antibody solution to form IgG -glycolipid vesicles. The final glycolipid concentration was 10 mg/ml and for the proteo-glycolipid vesicles, the protein -lipid molar ratio was 1:450. The multilamellar structure (MLV) and the mean diameter of the vesicles 2 appeared very similar to those previously described [31] . The vesicle concentrations were estimated at 9.8 Â 10 12 and 2.6 Â 10 13 vesicles/ml for glycolipid and IgG-glycolipid vesicles, respectively, assuming a mean diameter of 150 and 100 nm, respectively, and a five bilayer structure [31] . The vesicle suspensions were directly used for the spreading procedure and could be stored at 4 jC for 1 week without apparent modification of their spreading kinetics.
Interfacial film formation
The interfacial film was formed in a computerised KSV 3000 Langmuir -Blodgett trough (KSV, Finland) enclosed in a filtered air dry flow cabinet to avoid dust deposition. Phosphate buffer (pH 7.4) thermostated at 20 F 0.5 jC was used as subphase. Two dimensions of troughs were used for the spreading procedures (772.5 and 382.5 cm 2 ). In order to vary VSD init , 2, 5 or 10 Al of vesicle suspension were carefully deposited at the interface using a 50 Al SGE microsyringe. VSD init was defined as the ratio of the amount of vesicle spread on the initial trough area. The subphase ionic strength (I) was modified by changing the phosphate concentration from 0.01 to 1.5 M and was calculated according to the following equation:
in which C i and z i are the molar concentration and the charge of each ionic species present in the medium, respectively. The kinetics of the surface film formation corresponding to the interfacial vesicle disintegration was followed by recording the surface pressure variations during a period of 35 min. The surface pressure (p) was measured using a platinum Wilhelmy plate attached to a sensitive balance with an accuracy of F 0.3 mN/m. The zero of the time scale was ascribed to the beginning of the spreading procedure; 35 min after spreading, the interfacial films were compressed symmetrically at a rate of 15 cm 2 / min. Due to the irreversible vesicle diffusion from the interface to the bulk phase during the spreading procedure, the glycolipid surface concentration (C) could not be exactly determined. Therefore, the surface pressure -area (p À A) diagram was expressed versus the total surface film area (A, in cm 2 ). The two-dimensional lateral compressibility of the monolayer (Cs) was directly calculated from the slope of p -A isotherm diagram by the KSV's software according to the following equation:
where A is the surface film area at the indicated surface pressure and p the corresponding surface pressure [35] . This interfacial parameter is expressed in m/mN and is often interpreted as its reciprocal form (Cs À 1 ), originally defined by Davies and Rideal [36] as the surface compressional modulus, which is a measurement of the compressional elasticity of the film.
Langmuir -Blodgett film deposition
The interfacial film was transferred by vertical LangmuirBlodgett technique onto different solid supports. Germanium internal reflection parallelogram plates (25 Â 10 Â 3 mm, Spectra-Tech Inc., France), crystals for ATR-FTIR spectroscopy measurements, and calcium fluoride rectangular plates (35 Â 9.5 Â 2 mm, Sorem, France), support for Nomarski microscopic observations were used as substrates. They were thoroughly cleaned just prior use with an ionic detergent (Hellmanex II, Eurolabo, France), as described elsewhere [28] . For the transfer procedure, the germanium crystal was clamped parallel to the barriers and rapidly immersed into the aqueous subphase just before the compression in order to avoid any adsorption during the time elapsed for the surface film formation [37] . The interfacial film was then compressed up to the transfer surface pressure at a rate of 15 cm 2 /min and one layer was deposited onto the germanium at the upstroke with a dipping rate of 5 mm/min. For the detection of the immunoaffinity of the antibody inserted in the transferred monolayer, a calcium fluoride plate was precoated with four layers of behenic acid spread onto a 10 À 2 M NaCl, 10 À 4 M MnCl 2 subphase [38] , prior to the transfer of the mixed antibody-glycolipid monolayer as recommended elsewhere [39] . After transfer, the stability of the interfacial film was systematically checked during 15 min at the transfer surface pressure by relaxation experiment. The transfer ratio was calculated for each deposition from the surface film removed.
Infrared spectroscopy
Infrared spectra were recorded with a Fourier-transform infrared (FTIR) spectrometer (Model 510 M, Nicolet instruments, France) equipped with a DTGS room temperature detector. The instrument was continuously purged with dry air delivered by a Balston air purifier. Germanium ATR with a 45j-face angle was used as internal reflection element, yielding eight internal reflections. The ATR plates were considered exempt of contamination if the r(CH 2 ) bands at f 2920 and f 2850 cm À 1 completely disappeared in the ATR-FTIR spectrum (single beam mode). After monolayer deposition, the crystal was meticulously dried under a filtered dry air flow and put in a variable angle vertical ATR accessory (Model 300, Spectra-Tech Inc., France). Several spectra of 150 scans were collected in a single beam mode with a resolution of 4 cm À 1 . After cleaning, backgrounds were recorded in the same way. All spectra reported here result from the subtraction of the background data measured with the clean germanium plate from those measured on the same germanium plate covered by the transferred film. The integration of peak areas proposed by the Nicolet's software allowed a quantitative comparison between the spectra. This integration value is given in arbitrary unit (au).
Detection of the immunoaffinity of the immunoglobulin in the transferred monolayer
The immunoaffinity of the antibody inserted in the mixed monolayer was detected after the transfer of two IgG-glyco-lipid monolayers onto behenic acid precoated-CaF 2 plates. The enzyme immunoassociation was performed by immersion of the coated support in an AChE solution (30.36 EU/ml) in 0.1 M phosphate buffer at pH 7.4 containing 0.15 M NaCl and 1 mg/ml BSA, under gentle magnetic stirring. After an immunoreaction of 18 h at 4 jC, the plates were washed twice during 30 min in the same buffer. The activity of AChE bound on the solid plate was measured by means of the colorimetric Ellman's method [40] using 0.75 mM acetylthiocholine iodide as enzyme substrate, in the presence of 0.25 mM DTNB in 0.01 M phosphate buffer, pH 7.4. The hydrolysis of the enzyme substrate was monitored at 412 nm for 2 min in a Kontron-Uvikon 942 spectrophotometer with a cell thermostated at 25 jC. The spontaneous hydrolysis of the substrate was determined in the absence of the bound-enzyme support and was routinely subtracted. The AChE activity retained on the solid plate was expressed in Ellman's units/cm 2 . One Ellman's unit (EU) was defined as the enzyme activity producing an absorbance increase of 1 unit (412 nm) at 25 jC, in 1 min, with 1 ml of medium and for an optical path length of 1 cm. The nonspecific adsorption of AChE was checked using a IgG-free glycolipid interfacial film formed by vesicle spreading and transferred under the same experimental conditions on a behenic acid-coated CaF 2 plate.
Results and discussion
IgG -glycolipid monolayer formation
Immunoglobulin -glycolipid interfacial film was formed by careful deposition of the vesicle suspension at the airliquid interface (referred as vesicle spreading procedure). Fig. 1A exhibits the typical time-dependent variation of the surface pressure recorded after spreading of glycolipid (a) or IgG -glycolipid vesicles (b) onto a phosphate buffered subphase with a high ionic strength (I = 1.17). The increase of the surface pressure observed after vesicle spreading has been firstly reported by Verger and Pattus [21] . Now, such behaviour, corresponding to the kinetics of the surface film formation, has been intensively studied both experimentally and theoretically, for different sizes of phospholipidic vesicles [22,24,41 -44] . For both types of glycolipid vesicles studied here, with or without antibody, the increase in the surface pressure has been attributed to the formation of an interfacial film consecutive to the disintegration of the vesicle membranes at the interface [26, 32] , and by applying theoretical analysis proposed by Ivanova, Panaiotov and coworkers [42, 43, 45] , we have previously demonstrated that these glycolipid vesicles disintegrate into a true monomolecular film, even in the presence of the anti-AChE immunoglobulin [31] . For the proteo-glycolipid vesicles, the surface pressure increase is higher than that observed for glycolipid vesicles, suggesting that more material is maintained at the interface during the opening process. This behaviour has been attributed to the modification of the membranous system, due to the insertion of the protein molecules into the vesicle membranes [31] . Such an insertion weakens the structural organisation of the glycolipid bilayers and introduces a greater interfacial instability.
The p -A isotherms recorded 35 min after spreading, when the surface pressure has reached a quasi-equilibrium value, are presented in Fig. 1B . The presence of the immunoglobulin in the mixed monolayer was evidenced by the increase in the surface film area for a given surface pressure up to relatively high p values ( f 41 mN/m).
Influence of VSD init on the in-plane elasticity of the mixed monolayer
The lateral compressibility of monolayers (Cs), and more directly its reciprocal form (Cs À 1 ), i.e. elastic moduli of area compressibility [46] , is related to the in-plane elasticity of the monolayer. Compared with conventional surface pressure isotherms, the surface compressibility can be used to characterise more carefully the lipid phase transition during the monolayer compression [47] . According to Ihalainen and Peltonen [48] , the p -Cs curve is more sensitive to intermolecular interactions and especially to their changes. In our case, the expanding effect of the immunoglobulin upon the glycolipid monolayer has been analysed by the variations of the two-dimensional monolayer compressibility (Cs) as a function of lateral packing pressure (Fig. 2) . As expected for lipidic monolayers displaying a liquid expanded p-A isotherm (as is the case for the glycolipid monolayer [28] ), the lateral compressibility of the pure glycolipid monolayer (reference curve f) decreases with increasing the surface pressure until the collapse is approached [46, 49] . The maximal compressibility observed at 32 mN/m for the mixed interfacial film is characteristic of the fluidising effect of the protein to interfacial properties of the glycolipid monolayer; it expresses a decrease of the lateral packing density. The higher the magnitude in Cs variation occurred, the greater the effect of the protein was. The effect of VSD init on the in-plane elasticity of the mixed proteo-glycolipid monolayer is displayed in Fig. 2 (curves a -e) . The magnitude of Cs increase (around 30 mN/m) lessens with the increase of the spread amount of proteo-glycolipid vesicles. For the highest VSD init (68.0 Â 10 7 vesicles/cm 2 , curve e), the Cs profile became similar to that obtained for a pure glycolipid monolayer. This VSD init corresponds to the interfacial saturating density since a higher VSD init gave practically the same equilibrium surface pressure value after disintegration (data not shown). A larger VSD init induces a larger saturation of the interface and a less pronounced effect of the protein. For a proteolipidic monolayer, the lateral compressibility variation occurring during the compression can be ascribed either to an expulsion or to a molecular reorientation of the protein in the lipidic matrix. Recently, by analysing mixed cholesterolphospholipid monolayers, Keller [50] has reported that the compressibility was sensitive to the orientation of molecules at the interface, and that monolayer compressibility could be used as a sensitive tool to investigate interactions between cholesterol and phospholipids. In order to understand why the magnitude of the compressibility variations was inversely related to VSD init , we have systematically investigated the lateral compressibility of the mixed monolayer in relation with the interfacial disintegration kinetics of the IgG-glycolipid vesicles, on various phosphate-buffered subphases at different ionic strengths. Thus, varying the subphase ionic strength could modulate the interfacial protein expulsion that could occur during the compression.
Kinetics of interfacial disintegration of
IgG -glycolipid vesicles have been spread onto phosphate buffered subphases of ionic strengths ranging from 3.5 to 0.023. Fig. 3 shows the interfacial disintegration kinetics of the IgG -glycolipid vesicles and the corresponding compressibility of mixed monolayers for different VSD init . As expected, decreasing the subphase ionic strength resulted in a decrease of the magnitude of both phenomena, i.e. kinetics of the surface film formation and Cs variations. A decrease in the ionic strength could not prevent the irreversible diffusion of vesicles in the subphase and, consequently, the actual number of vesicles retained at the interface and able to disintegrate was lowered. Actually, the detailed analysis of the p-Cs curves revealed that the two-dimensional compressibility Cs evolved inversely with VSD init , even at low ionic strengths.
A phenomenological correlation between the Cs profile and the pattern of the kinetics of the surface film formation can be outlined. When the proteo-glycolipid vesicles disintegration process presented an obvious kinetic pattern, Cs variations were small for the highest subphase ionic strengths or completely disappeared for the smallest ones (see curves d, e, Fig. 3 ). When the disintegration process presented low kinetic effects (high ionic strengths) or when surface pressure reached quasi-instantaneously a constant value after the initial peak (small ionic strengths), the largest Cs variations were recorded during the compression (see curves a-c, Fig. 3 ).
The kinetics of the surface film formation of the glycolipid monolayer can be interpreted on the basis of previous studies, which have theoretically and experimentally analysed the monolayer formation from spreading of phospholipid liposomes [23, 24, 42, 43] . The formation of an interfacial film from vesicle spreading is a part of a process composed of two competitive steps occurring simultaneously (Fig. 4) : (i) an irreversible diffusion of closed vesicles toward the bulk subphase and (ii) an irreversible transformation of closed vesicles into an interfacial film. The liposome suspension initially spread at the air -buffer interface is assumed to form a subsurface layer (solution zone underlying the interface) with a defined thickness (L) [23, 24, 42, 43] . Depending on the thickness, the kinetics of one of both processes becomes dominant, and two borderline cases can be described (Fig. 5) . (i) If large amounts of vesicles are spread (saturating conditions), the kinetics is controlled by the transformation process and the kinetic curve can be described by a Langmuir-like adsorption kinetic equation [43] . (ii) If small amounts of vesicles are spread (nonsaturating conditions), a diffusion-controlled kinetics can be described by solving the second Fick's equation at boundary conditions [42] . By applying the theoretical analysis developed by these authors, we have previously demonstrated that under saturating spreading conditions, the kinetics of surface film formation obtained by spreading glycolipid vesicles was fully controlled by a Competitive processes involved in the interfacial film formation from liposome spreading. On this scheme, only the opened structures are assumed to be surface active [42, 43] . transformation process, even in the presence of immunoglobulin [31] . In this study, we report on the role of the subphase ionic strength over the kinetics pattern. For high VSD init (e.g. 33.8 Â 10 7 vesicles/cm 2 , curve d, Fig. 3 ), the kinetics initially controlled by transformation process at high ionic strength (Fig. 3A) became controlled by an intermediate process at low ionic strengths (Fig. 3D,E) . In these latter cases, the vesicle diffusion started to influence the overall phenomenon. For low VSD init (e.g. 6.73 Â 10 7 , 13.6 Â 10 7 and 16.8 Â 10 7 vesicles/cm 2 , curves a, b and c, Fig. 3) , the kinetics was entirely controlled by the diffusion process, mostly at low ionic strengths. Therefore, the relationship between the kinetics of vesicle disintegration and the variations of the monolayer compressibility could be interpreted by comparison of the curves reported in Fig. 6 . These latter were registered at constant ionic strength (I = 1.17) and for two different VSD init (16.8 Â 10 7 vesicles/ cm 2 , curves a and 33.8 Â 10 7 vesicles/cm 2 , curves b). When the transformation process predominantly controls the kinetics of the surface film formation (curves b), the expanding effect of the immunoglobulin on the monolayer properties is less pronounced than that observed when the vesicle diffusion process predominantly controls the kinetics (curves a). The effect of the protein on the inplane monolayer elasticity is then directly dependent on VSD init .
Presence of IgG in the condensed film
The presence of the immunoglobulin in the condensed monolayer has been characterised by ATR-FTIR studies after transfer onto a solid germanium plate. In a first time, the monolayer was formed under nonsaturating conditions (VSD init = 16.8 Â 10 7 vesicles/cm 2 ) for which spreading kinetics, mainly controlled by the diffusion step, ensured a large compressibility variation during the compression. The transfer of the monolayer was realised in the condensed state, far enough from the collapse surface pressure at the maximal compressibility. Depending on the subphase ionic strength, the transfer surface pressure was chosen in order to ensure the same packing to the transferred monolayers. Reference monolayers using pure glycolipid were transferred under the same conditions. With phosphate buffers of high ionic strengths, the high viscosity led to the subphase entrainment that could be observed, after transfer, by Nomarski microscopy (data not shown). Under this condition, strong phosphate buffer absorption bands masked the characteristic bands of glycolipid and protein molecules, thus hindering the fine analysis of ATR-FTIR spectra at high subphase ionic strengths. Fig. 7 shows the typical 1500 -1750 cm ferred layers [51] , allowed us to determine that, whatever the ionic strength (from 0.023 to 0.23) and the presence or absence of immunoglobulin, it was equal to 0.2 au. This value, constant for all the experimental conditions, is reflecting the thickness of one transferred monolayer, in agreement with our previous results [13] . Due to their molar ratio, the contribution of the CH stretching vibrations of the protein was supposed negligible with regard to that of the glycolipid. The quantitative spectrum analysis of glycolipid and IgG-glycolipid monolayers is presented in Table 1 (ionic strengths varying from 0.023 to 0.23).
For both kinds of monolayers, the integration value of the Amide I band presents an unexplained minimum value at the ionic strength of 0.12. However, the ratio of the Amide I integration values in the presence and in the absence of protein (column 3, Table 1 ) undoubtedly reflects the presence of the protein in the mixed monolayer. The immunoglobulin is still present in the condensed monolayer, even after transfer, and the retained amounts of the latter increases with the increase of ionic strength of the buffer.
Further insights into the phenomena responsible for the lateral compressibility variations (i.e. protein ejection or protein reorientation) were obtained by studying in detail a condensed monolayer presenting no significant modifications either in the p-A isotherm or in the lateral compressibility compared with the pure glycolipid film (Fig. 8) . The interfacial film was transferred at 30 mN/m and the integration of the Amide I band displayed values of 0.031 and 0.061 au, for pure and mixed interfacial films, respectively. The integration ratio (1.8) indicates that the immunoglobulin was inserted in the condensed glycolipid film, even if no in-plane elasticity variation was recorded during the monolayer compression. Since at low ionic strength, the protein expulsion process could not be prevented, the lateral monolayer compressibility variation recorded during the mixed monolayer compression could be partly attributed to a protein reorientation process.
Therefore, the in-plane monolayer elasticity modification recorded when the spreading kinetics was mainly controlled by the diffusion step could not be ascribed to a total ejection of IgG from the mixed monolayer. The increase with the ionic strength of the Amide I band intensity obtained for the IgG -glycolipid interfacial film was in agreement with a higher amount of immunoglobulin retained in the glycolipidic matrix.
Immunoaffinity of IgG in the transferred monolayer
The immunoaffinity of the immunoglobulin inserted in the mixed monolayer was assessed through the acetylcholinesterase activity detected by the Ellman's method after enzyme immunoassociation. Table 2 presents the results obtained for monolayers formed under saturating or non- saturating spreading conditions and transferred at different surface pressures. It is noteworthy that in the absence of immunoglobulin in the monolayer, no activity was detected, indicating that no unspecific adsorption occurred on the glycolipid monolayer (data not shown). For a monolayer formed in nonsaturating conditions (VSD init = 16.8 Â 10 7 vesicles/cm 2 ), the activity was optimum when the monolayer was transferred at the maximal compressibility (p T = 30 mN/m) and decreased when the monolayer was transferred at the end of the compressibility modification phase (p T = 36 mN/m). This evolution could be ascribed either to the partial ejection of the immunoglobulin during the compression or to the effect of high surface pressures. Indeed, as previously reported for pure immunoglobulin monolayers, the immunoaffinity decreased with a surface pressure increase; in closely packed monolayers, the mobility of the Fab fragments that bind the antigen could be reduced [52] . In monolayers formed under saturating conditions (VSD init = 33.8 Â 10 7 vesicles/cm 2 ), an activity can also be detected, even in the absence of in-plane elasticity modification during the compression. However, the activity measured was lower than that detected at 36 mN/m, for VSD init = 16.8 Â 10 7 vesicles/cm 2 , suggesting that under saturating spreading conditions a smaller amount of IgG is originally retained in the interfacial film. In such conditions, protein ejection could occur during the monolayer formation. Nevertheless, these results clearly demonstrate that the antibody was active in the monolayer even if no compressibility was recorded during the compression.
General discussion
As previously mentioned, a modification of the lateral monolayer compressibility of a mixed proteo-lipidic monolayer can be ascribed to an expulsion or a molecular reorientation of the protein. For pure antibody monolayers, it has been previously reported that the Y-shaped IgG, lying parallel to the interface at low surface pressures, gradually reorientates to a vertical position during the monolayer compression [53 -56] . A similar molecular reorientation is assumed to be partly responsible for the in-plane elasticity modification observed for the IgGglycolipid monolayers. Furthermore, the dependence of in-plane elasticity modifications on the spreading kinetics suggests that the change of orientation of IgG is likely the predominant process explaining the lateral compressibility variations. Indeed, if the lateral compressibility variations would be predominated by a protein expulsion mechanism, it should be at least as intense for the highest VSD init (where the kinetics brings more material at the interface) as for the smallest ones. Moreover, even if the phenomenon decreases with the subphase ionic strength, it is still present. Therefore, the reorientation of the immunoglobulin in the glycolipid matrix appears to be prevailing during the compression of the mixed IgGglycolipid monolayers, although protein expulsion cannot be excluded. The magnitude of this molecular reorientation process can be modified by the initial interface saturation, directly related to VSD init . Fig. 9 presents a schematic illustration of the postulated steps occurring during the surface film formation from vesicle spreading. When no interfacial saturation is achieved (diffusioncontrolled kinetics), IgG molecules can initially lie in the lipid environment with the Y-plane parallel to the air -buffer interface. During the compression, most of them can raise to a more vertical position (even if some are expelled), increasing the monolayer compressibility. When the interfacial saturation is achieved (transformation-controlled kinetics), glycolipid molecules prevents the proteins to lie horizontally at the air -liquid interface and constrains them to stand more vertically in the lipid matrix. Consequently, the immunoglobulin directly reaches a position close to the final orientation and reorientates less during compression.
The possibility for the immunoglobulin to stay included in the lipidic matrix, during both vesicle disintegration and monolayer compression, could be likely due to two parameters. On the one hand, weak carbohydrate/carbohydrate hydrophilic interactions could exist between the glycolipid heads and the glycan moiety of immunoglobulins, located in their hinge region. On the other hand, hydrophobic interactions could embed the hydrophobic Fc fragment of IgG in the lipid moiety of the glycolipid leaflets and induce a preferential orientation. This embedment could be favoured by the high fluidity of the hydrocarbon chains of the glycolipid allowing the conformational adaptation.
In the absence of in-plane elasticity modification, protein ejection from the interface could occur during the vesicles disintegration because of the rapid interfacial saturation by the glycolipid imposing a lateral surface pressure, before the monolayer compression. This could explain the lower enzyme activity retained under saturating conditions. Nevertheless, in saturating or nonsaturating conditions, the immunoglobulin seems correctly 0.255 a The monolayers were formed under subphase ionic strength of 0.82. b EU: 1 Ellman's unit was defined as the enzyme activity producing an absorbance increase of 1 unit (412 nm) at 25 jC, in 1 min, in 1 ml of medium and for an optical path length of 1 cm.
c VSD init for which in-plane elasticity modification was observed during compression (nonsaturating conditions).
d VSD init for which no in-plane elasticity modification was observed during compression (saturating conditions).
inserted and orientated in the condensed film to keep its immunoactivity.
Conclusion
This study focused on the influence of the kinetics of the surface film formation on the orientation of an antibody inserted in a mixed glycolipid monolayer formed by proteo-glycolipid vesicles spreading. The stability of the proteo-lipidic interactions, created during the vesicle assembling before the interfacial film formation, favours the insertion of a soluble protein in a lipid environment. The opportunity to detect a strong immunoaffinity after transfer of the mixed monolayer at a relative high surface pressure indicates that an antibody is embedded in a favourable orientation to express its activity. Thus, interfacial spreading of proteo-vesicle together with Langmuir -Blodgett technique appears as an efficient method to develop organised nanostructures. The combination of these methods based on the self-organisation ability of biomolecules allows both protein insertions in a predetermined orientation in the vesicle lipidic membranes and the enhancement of the proteo-lipidic organisation using lateral surface pressure. The stability of such molecular assemblies have been investigated before its integration in new biosensor concepts.
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